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Urban agriculture provides many benefits, such as energy conservation, rainwater
remediation, increased aesthetic and property value, and therapeutic use for physical,
cognitive, and emotional wellbeing. Urban agriculture can also provide critical integrity
to each pillar of food security: availability, access, utilization, and stability. As urban
agricultural activities increase, social interactions will follow in concert. This will
provide opportunities for building trust through the two-way communication of
contrasting perspectives, cultures, and beliefs using impartial narratives. Growers can use
knowledge and understanding gained from these positive social interactions to formulate
their personal paradigms for practice and better meet the needs of each stakeholder.
Growers of all levels of expertise are encouraged to constantly investigate assumptions
and build capacity for understanding their socio-environmental systems. Special
considerations are suggested in this document for developing desirable characteristics in
urban soils and for designing a food crop production plan that is in continuous evolution
with the production system.
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CHAPTER ONE
DYNAMIC SYSTEMS - A NEED FOR URBAN AGRICULTURE
The positive impacts exposure to plants has on physical, cognitive, and emotional
health have been well documented in scientific literature (APHA, 2013; Donovan et al.,
2013; Koncikowski & Capozziello, 2021; Pedlowski et al., 2002; Relf, 2021). Spending
time in nature is now being prescribed by some physicians (Thompson, 2018) through
“green care” as a substitute for, or in combination with, pharmaceutical drugs.
Additionally, increased aesthetic and property value, energy conservation, rainwater
remediation, and more are widely supported benefits of plants growing in an urban
setting (Echevarría Icaza & Van der Hoeven, 2017; Kondo et al., 2017; Narango et al.,
2017; Nowak et al., 2006, 2013). However, this chapter will focus on urban agriculture as
a tactic to help address local food insecurity and respond to climate change. Also,
important considerations in addressing this complex socio-ecological system will be
identified.
Food Security
As defined during the 1996 World Food Summit, “Food security exists when all
people, at all times, have physical and economic access to sufficient safe and nutritious
food that meets their dietary needs and food preferences for an active and healthy life”
(FAO, 2008). The Food and Agriculture Organization of the United Nations (FAO) has
identified four pillars required for food security: availability, access, utilization, and
stability.
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Availability is the physical presence of nutritious food in the food system, often
on a larger scale (i.e. global, regional, and community). One way to think of availability
is that if it is on the grocery store shelf, a local market, or in the home garden, it is
available; however, availability does not equal consumption.
Access typically addresses food security on a smaller, household scale. There are
three factors that can limit a household’s access to nutritious food: financial ability,
distance to the store or market, and socio-cultural restrictions. Communities in rural U.S.
are often at a higher risk of food insecurity due to more limited access than their urban
counterparts. This is a result of the significant physical distance from the home to the
market and limited access to social programs for alleviating food security. If the market is
the individual’s home garden, access could be restricted by the ability to harvest the crop
(for example: out-of-reach fruit in a tree or root crops buried below frozen soil). Sociocultural restrictions occur when a household has the financial means and transportation to
get the food, but they are denied by force (based on their social group, sex, gender, etc.)
or pressured to choose not to access the required nutrition (i.e. religious dietary
restrictions, norms on acceptable foods) (Olum et al., 2017).
Utilization is a household’s familiarity with the food that is available and their
knowledge of how to process it appropriately. This definition of food security includes
both nutritional and caloric needs; therefore, an obese individual can be, and likely is,
food insecure due to a lack of adequate nutrition in their diet (Ashley, 2016). Highly
processed foods are often less nutritious than the food crops in their unprocessed form
(Shewfelt, 2017). The increased availability and access to familiar foods in their
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unprocessed form can improve the nutritional quality of an urban farming household's
diet.
Stability is when all of the previous three pillars are accounted for, at all times.
There can be breaks in a household’s or region’s food stability that are chronic,
transitory, or seasonal. Chronic food insecurity can be either long term (continuous for an
extended period of time) or persistent (continues in spite of significant remediation
efforts). Transitory food insecurity is short-term and temporary. Somewhere between
chronic and transitory falls seasonal food insecurity, usually predictable and cyclical.
Many cultures have historically staved off seasonal availability by canning and
preserving food for winter months; whereas today, particularly in developed nations, food
is readily shipped in from regions that can produce food year-round. These predictable
issues with food security can be more manageable than unexpected supply problems
following severe weather and natural disasters associated with climate change.
The timing of severe weather events in relation to crop growth stage has been
shown to have the greatest impact on yield reductions. In Europe, Powell and Reinhard
(2016) showed that at week 27 of wheat production (around the beginning of July), a
single high temperature event can cause an expected 5% loss in yield. Evaluating a 70year period in the Midwestern U.S., the total yield of maize was reduced by 8.1% to
17.5% from drought stress in the study area (Wang et al., 2016). These are significant
losses resulting from extreme weather; however, maize and winter wheat are less
vulnerable than forage grass, potatoes, and onion (van Oort et al., 2023). This high
correlation between yield loss and weather extremes is supported by a shift in crops

4

produced. A study in the Netherlands found that impacts of climate change have driven
one third of the participating producers to reduce production of onions and potatoes and
increase production of wheat (van Tilburg & Hudson, 2022). As yield losses from severe
weather continue in field-produced vegetable crops and fewer acres are planted, the
market prices can be expected to increase. This will directly impact food security and
may drive more people to begin urban gardens, particularly in low-income countries
(Poulsen et al., 2015).
Adapting to Climate Change with Urban Agriculture
Climate change is a highly debated topic, with its root cause at the forefront of
criticism. However, no matter the reason, weather events around the world are becoming
less predictable and more severe as a result of increasing levels of atmospheric carbon
dioxide. Whether humans are the underlying cause of this change or not, humans can
slow the progression of climate change by reducing the rate at which carbon is released
into the atmosphere.
A logical way to reduce carbon emissions from food production is to grow the
right foods close to where people live and outsource food when local production does not
meet local demands. In 1950, 30% of the global (including the United States) population
was living in urban settings, growing to 55% in 2018, and it is expected to reach nearly
70% in 2050 (United Nations et al., 2018). For comparison, the percent of the total
population living in urban settings in 1980 was 39.4% of the world (not including the
U.S.) population and 73.7% of the United States population; in 2000, 46.7% (world) and
79.1% (U.S.); and in 2020, 56.2% (world) and 82.7% (U.S.) (United Nations &
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Population Division, 2020). Expansion of urban agriculture is a necessary component in
addressing the complex question of how to feed a growing population.
By growing food close to where it is consumed, the potential for disruptions in the
food distribution chain can be reduced. This helps maintain both pillars of Availability
and Sustainability. By increasing the numbers of people directly participating in food
production, the Access and Utility pillars can be made more stable. When COVID-19
shut down production, services, and transportation in general throughout the world,
people were left cooking for themselves, often from scratch (Bennett et al., 2021). A
study by Sarda et al. (2022) surveyed 2,422 people and found that 22.0% reported having
a more balanced diet during lockdown, 19.5% reported a less balanced diet, and 58.5%
reported no perceived change. Of those participants that reported a more balanced diet,
54.8% provided the reason as having more time to prepare meals. In contrast, rationale
for perceiving a less balanced diet included skipping meals (reported by 12.0%), having
difficulty finding certain foods (35.9%), and preparing their own meals (15.9%). As the
nutritional value of a food is often influenced by how it is processed (Shewfelt, 2017), it
can be reasoned that if an event were to occur, which has similar impacts on food supply
chains but no increase in a households’ available meal-prep time, the household’s food
security will be compromised. As more people become involved with food production
through an increase in urban agriculture, they will have a say in what is grown.
Therefore, they may be more familiar with the food and how to process and prepare it.
The need for urban agriculture is well supported; however, there is still the
question of it being enough to feed the population. As long as there is adequate growing
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space, high enough yield productivity, and enough labor available, an urban household
can grow enough vegetables to meet their five servings per day needs (Glavan et al.,
2018). These three requirements are intricately linked. The growing environment is
directly correlated to yield productivity. The higher the productivity, the less space
required, but likely more labor is needed. The less suitable the environment is to the
crop(s), the lower the production capacity could be. In addition to yield (as in total edible
biomass produced), the nutrition of those products is also negatively affected by adverse
growing conditions (Brouder & Volenec, 2017; FAO, 2008; Khan et al., 2015; Taub et
al., 2008). Concentrations of labile potassium, phosphorus, magnesium, and calcium are
greatly influenced by soil temperature and moisture. As temperatures increase, soil
adsorption is decreased for anions and increased for cations. Increased CO2
concentrations reduce transpiration rates and therefore mass flow of nutrients into plant
roots. This may lead to lower nutritional value of crops as CO2 concentrations increase
(Pilbeam, 2015). When grown under the elevated CO2 concentration projected for the
year 2100, the reduction in protein concentration in potatoes, barley, rice and wheat is
13.9%, 15.3%, 9.9% and 9.8%, respectively (Taub et al., 2008). To achieve the same
desired production goals in nutritional value, more labor (including production inputs
such as fertilizers, irrigation, etc.) and space will be required. If time or labor is the
limiting factor, productivity will likely be lower than its maximum potential; therefore,
more space will be needed.
In a geospatial study of Boston, USA, Saha & Eckelman (2017) showed that if all
10% of the available land within the city is converted to food production and all 42% of
the available rooftop area is used for hydroponics, the upper limit of fruit and vegetable
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production would be enough to meet nutritional requirements for 1.5 times the population
of the city. It is unreasonable to expect that the total available land and rooftops would be
converted to food production but converting a portion of these spaces could make a
significant impact. Costello et al. (2021) showed that implementing urban agriculture as
part of an area’s food production system will improve the crop diversity, but the radius of
required land to fulfill total nutritional needs of the population may not be significantly
reduced (Costello et al., 2021). This low impact on land requirement is attributed to the
lack of adequate vitamin D, vitamin B12, or calcium in fruits and vegetables to meet all
nutrient requirements of the population. These findings support the use of supplements
and development of fortified produce to aid in reducing the environmental impact of food
production.
In an urban setting, traditional garden space is often the least available of these
three requirements, with much of urban soils paved over and/or heavily polluted. To
overcome this limitation in production space, people have found creative alternative
spaces through the use of balconies, rooftops, indoor space, community gardens, vacant
lots, guerilla gardening and more. Urban environments are often hostile to plants, with
many designed to prevent plant growth by paving exposed soil and redirecting rainwater
to quickly flow away. With unfavorable growing conditions limiting yield potential and a
shortage of available growing space, urban agricultural production systems will require
increased labor, inputs, and knowledge to maximize production.
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Social Interactions
Increasing agricultural activities in limited spaces, such as in community gardens,
will increase the opportunity for social interaction (Carolan & Hale, 2016). With
exposure to beauty in nature, pro-social behaviors increase and people become more
trusting and generous (J. W. Zhang et al., 2014). Although, as more individuals enter the
conversation, opposing positions on best production practices and environmental
stewardship are destined to clash. Building trust will be critical to encourage and
maintain participation in urban agriculture over the long-term (Reed, 2008).
In order to keep people involved, the social environment must feel safe from
ridicule and judgement (Bledsoe & Baskin, 2014; M. K. Brown et al., 2009). Trust
between parties on opposing sides of a disagreement makes reaching a mutually accepted
solution more likely (Young et al., 2016). Framing statements in specific ways can
engage certain audiences (Wolsko et al., 2016) and disengage others. In order to have
two-way communication, it is critical that the narrative remains impartial (Whitmarsh &
Corner, 2017). How individuals respond and how long they stay engaged or involved can
determine the success or failure of an urban agriculture discussion or program (Reed,
2008). Each of these aspects are difficult to establish and maintain but are significantly
more so when crossing cultures (Briggs et al., 2019).
Without understanding the cultures of each stakeholder, significant mistakes in
designing a production plan can be made through misinterpretations and unfamiliarity of
cultural norms, behaviors and ideologies (Deng et al., 2022). These community
interactions can be used throughout a growing season to modify production practices to

9

better meet the needs of the stakeholders (Glynn et al. 2018), much like the use of
formative assessments in Education (Black & Wiliam, 2009).
Through open communication, we begin to understand the various factors that
influence production choices of our neighboring farmers. This provides us with
opportunities to learn from each other, solve problems in urban agriculture, and
constantly improve our production systems.
Personalized Paradigm for Practice
Complex problems require complex solutions, and those involving biological
systems are always complex. Never is there only one right answer. To build adequate
complex solutions, all elements of the issue must be addressed. When evaluating the
elements of an issue, it is important to be wary of our tendencies towards reductionism,
which “aims to reduce diverse observations to general relationships that predict new
observations with precision and accuracy” (Brunner, 2006). The human brain is
constantly bombarded with information. It simplifies this information for its own
protection, to conserve cognitive capacity, and to solve complex problems (Myers &
DeWall, 2018; E. R. Smith & DeCoster, 2000).
To understand issues of food production and food security, we have reduced
highly complex natural systems into simplified constructs. This abbreviated version has
given humankind a foundational understanding of living systems and how they interact
with their environments, in order to manipulate the system to our benefit. With the
increased understanding of simplified systems, our brains can then consider more
information, little by little. This is the basis of scientific research. It is imperative that the
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pieces discovered through scientific studies are communicated and connected to create
more robust paradigms and influence further research.
Paradigms are generally accepted views, ideas, theories or sometimes beliefs on a
given subject (G. Brown & Desforges, 1977; Kuhn, 1970). We use paradigms to interpret
the world around us. Over time, new discoveries through scientific research may change
our understanding, causing a paradigm shift. Ideally, a paradigm shift in agriculture leads
to a consensus on the best way to produce food. The more we learn about science, nature,
and food production, the more apparent it is that what is best under certain conditions,
may not be so under others. A single paradigm through which all food is produced is
impractical and inconsiderate of the individuals growing the food. It is important that
food producers of all kinds pull ideas and practices from multiple agricultural paradigms
to design solutions that are best suited to their specific situation.
Conclusion
Increasing diversity within all aspects of the food system will be critical in
reducing production-associated inputs and negative environmental impacts, while
ensuring a greater balance in the four pillars of food security - availability, access,
utilization, and stability. Increasing diversity specifically in agricultural production
increases complexity and labor. Whereas large-scale field agriculture is designed to
reduce variability, small-scale urban farming can help fill this ecological role. When an
area is impacted by severe weather or pests, a portion of the intended crops are more
likely to be salvageable if there is greater diversity in the crop species, species genetics,
sizes of farms, and management strategies practiced (van Tilburg & Hudson, 2022). To
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better ensure food security, more people are needed to produce food for themselves and
their communities. Urban agriculture alone will not end world hunger or solve the climate
crisis, nor will any single change. However, it can contribute to the solution, while
improving a household’s and a community’s food resilience.
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CHAPTER TWO
PURSUIT OF THE PERFECT SOIL
Gardeners of varying expertise understand the importance of soil, and many will
spend small fortunes in pursuit of their ideal garden soil. For many gardeners, this is a
soft, black, and fine soil, which has been tilled deep and even. Such soil is glorious to
work and can yield picture-perfect root vegetables. This perceived ideal is perhaps
describing Mollisol soils. Throughout history, Mollisols have been recognized worldwide as highly productive soils for agriculture and hold many of these desired
characteristics (X. Liu et al., 2012). However, Mollisols are not essential for most
vegetable crops, and obtaining this ideal soil is not always economically practical nor
environmentally responsible. Home gardeners do not have the same regulatory oversight
as large-scale agricultural production systems where many inputs are highly regulated
and have a direct impact on the financial viability of the operation. Urban agricultural
inputs and resource consumption are often greater than in conventional agricultural
production systems (Goldstein et al., 2016; Mok et al., 2014). While urban agriculture is
an important component in addressing food security, it also must maintain a positive
impact on the environment and climate change. Establishing and maintaining the ideal
qualities in garden soil, whether native or relocated soil, often requires significant yearly
inputs of resources (i.e. synthetic fertilizers, tillage), and this can be highly destructive to
the microbial community in the soil. These activities can lead to an increased release of
carbon dioxide, further exacerbating climate change, and can indicate inefficient uses of
resources (Chabbi et al., 2017; Goldstein et al., 2016; Mok et al., 2014).
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Soil is not an unlimited resource. Urban expansion is consuming adjacent land
which had historically been used for agricultural production and biodiversity preservation
(Hatfield et al., 2017; P. Smith et al., 2010). However, the desirable properties of urban
soils are different from those of agricultural soils. As land is developed for urban use, soil
properties are changed to better suit the new requirements by increasing soil strength, and
reducing water retention and infiltration. (Kempfert & Gebreselassie, 2006; Streich et al.,
2013). Those who have attempted to grow plants in recent construction sites can attest.
As agriculturally productive soils are covered and compromised, maintaining the
productivity of the remaining soil is increasingly important. This shortage of space and
quality soils has in part inspired innovations in urban agriculture that use soil-alternative
production methods, such as controlled environment agriculture, vertical farming, rooftop
farming, hydroponics, aeroponics and others (Armanda et al., 2019). Alternatives such as
these may be the best option for many production systems and their stakeholders;
however, start-up and production costs are significantly higher in these soil-alternative
systems. To provide application to the broadest audience, this chapter will focus on urban
soils for horticultural food crop production. This chapter will justify the need for testing
urban soils and address the characteristics of an ideal garden soil – soft, black, and fine,
which has been tilled deep and even – by examining the desirable function(s) each of
these characteristics provide for plant growth, identifying common practices used to
achieve this soil standard, and providing alternatives that consider long-term ecological
impacts.
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Soil Testing
For those that decide to grow plants in soil for food production, ornamental use,
or dual purpose, testing the soil for contaminants, pH, soluble salts, plant nutrients, soil
organic matter, mineral content, and soil texture is an important first step. Often, the
visible characteristics and qualities of an urban soil, such as compaction, color, water
infiltration, plant growth responses, etc., can lead to replacing or amending the available
soil before it is tested. However, topsoil is not standardized, and the buyer is not
guaranteed the qualities of ideal gardening soil. Topsoil may be more expensive than the
purchasing cost per cubic yard and delivery fees. Topsoil can be a source of pests and
diseases and also contain contaminants of heavy metals and other toxic substances
(Boente et al., 2017). Plants can pull many of these contaminants from the soil, and if
consumed by animals, the toxins can accumulate and cause disease if critical
concentrations are reached (Nagajyoti et al., 2010).
Covering or exchanging soil can be a successful strategy to mitigate known soil
contaminants. However, pollution-free soils available for purchase in an urban area are
often collected from deep in the soil profile and lack adequate organic matter, plantavailable nutrients, and optimal soil characteristics to grow healthy crops (Egendorf et al.,
2018; Walsh et al., 2018). Ideally, soil purchased for mitigation of known contaminants
would be tested for soil qualities before it is applied to the area. Soil that does not meet
the needs of the grower can be rejected or modified to fulfill requirements prior to
installation. Rather than purchasing soil in its complete, ideal stage, growers can develop
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these characteristics in their soil over time. However, a soil analysis is necessary to
maximize crop production potential with minimal inputs.
Soil Pollution and Contamination
Knowledge of the contaminants found in urban soil, garden amendments, mulch,
water and other inputs can be used to develop strategies and practices that minimize their
bioavailability, uptake potential, and toxicity risk to humans and the environment
(Rodríguez-Eugenio et al., 2018). Heavy metals are highlighted because they are the most
persistent pollutant found in urban soils and pose a high risk to human health. In the U.S.,
23% of urban soils with homes built before 1980 are estimated to be contaminated with
hazardous concentrations of lead (Kessler, 2013). A study in Belgium showed urban
gardeners are at high risk for exposure to urban soil contaminants through gardening
activities and consumption of contaminated food. Evaluations of fruit and vegetables
showed that 30% of vegetables produced in urban gardens were above normal market
concentrations, 83% of root vegetables were non-compliant in lead, and 77% of greens
were non-compliant for cadmium levels. Similarly, blood and urine samples showed
moderately higher concentrations of lead than in the non-gardening population, arsenic at
double the levels of the non-gardening population, and cadmium levels higher than 9597.5% of the non-gardening population (Petit et al., 2022).
Heavy metals are named so because of their high densities, although their
chemical properties are what make them toxic even at low levels. Heavy metals of
greatest concern include lead, mercury, cadmium, zinc, arsenic, nickel, copper, selenium,
molybdenum, and chromium (Khan et al., 2015; Nagajyoti et al., 2010; US EPA, 2007).
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Sewage fertilizers, phosphate fertilizers, contaminated water, organic and synthetic
pesticides, and other common food crop production inputs can be sources of heavy metals
(Nagajyoti et al., 2010). All soils can be a source of heavy metal pollution caused by
human activity. Due to various chemical and physical properties of clay, clay soils can
also be a natural source of contamination through erosion of the soil’s parent rock
(Alloway, 2013; Sparks, 2003b). Examples include cadmium, lead, nickel, and zinc in
soils originating from Jurassic limestone, and arsenic, cadmium chromium, copper,
mercury, molybdenum, nickel, lead, and zinc from black shales (Alloway, 2013).
Therefore, even if site history does not indicate a significant risk of anthropogenic
pollution, there could be naturally occurring contamination from heavy metals.
Lead is the heavy metal most commonly tested for and it can be used as an
indicator of potential contamination of other heavy metals (Kessler, 2013). Many soil
tests only evaluate concentration, but concentration alone does not provide enough
information to assess risk. In addition to concentration, testing the bioavailability - a
compound's ability to interact chemically, physically, or biologically with living
organisms - of heavy metals in the soil, water, and garden inputs is necessary for
developing adequate management strategies. Key factors to consider when evaluating
heavy metal exposure risk in soil include the soil texture (especially clay content), pH,
soil organic matter, bulk density (aeration), water table levels, flooding potential,
temperature, and human/soil contact potential. Exposure risk can also be impacted by the
crop and its sensitivity to the pollutant of concern, uptake pathways and storage, and
intended use (Kessler, 2013; Rodríguez-Eugenio et al., 2018; Sparks, 2003c; US EPA,
2007).
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Some heavy metals, such as nickel, copper, zinc and molybdenum, are essential
for plant growth, development, and cellular functions, but they are required in only small
amounts (Pallardy, 2008). Their uptake by plants is not only dependent on their
concentration in the soil or their chemical form but also the characteristics of the soil.
Soil type, pH, organic matter, cation exchange capacity, and moisture content are
additional factors that influence uptake of heavy metals by plants (Khan et al., 2015;
Rodríguez-Eugenio et al., 2018).
Bioaccumulation occurs when these, or any toxic substances, build up within an
organism faster than they can be broken down or eliminated from the organism. A wellknown example of bioaccumulation is elevated mercury levels in predatory fish, such as
tuna (Ordiano-Flores et al., 2011). Individually, the fish ingested contain relatively low
levels of mercury but levels accumulate to hazardous amounts in the tuna’s tissues as it
consumes additional fish with low levels of mercury. Bioaccumulation of heavy metals in
plants can change the oxidation state of the metal (Ma et al., 2001; Sparks, 2003a). This
change can make the heavy metal more toxic (Rahman & Naidu, 2009) or lower the
plants’ nutritional value (Khan et al., 2015). Increasing the consumption of vegetables
and other whole, plant-based foods is an essential public health goal of many dieticians,
nutritionists, and medical professionals (FAO & WHO, 2017). However, households can
follow sound dietary guidelines by meeting the recommended servings of fresh produce,
yet still be undernourished due to heavy metal contamination in the garden soil.
Many commonly grown vegetable crops have been shown to contain concerning
levels of heavy metals (Khan et al., 2015; Q. Yang et al., 2011; Zhou et al., 2016).
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However, the concentrations measured in the edible plant parts does not necessarily equal
the bioavailable dose (Paltseva et al., 2020). The most significant risk of ingesting certain
soil pollutants, such as lead, may not be through consuming plant material grown in
polluted soils, but rather by directly ingesting polluted soil and dust (Paltseva et al., 2020;
US EPA, 2001). Concentrations of aluminum, chromium, iron and titanium in plant
tissues can be used to indicate the source of heavy metal pollution as either plant uptake,
or soil particle inclusion (Cary et al., 1994; Egendorf et al., 2018; McBride et al., 2014).
The concentrations of these metals in plant tissues are low (or regulated as is the case
with iron); therefore, their presence in tissue analyses would indicate the presence of soil
particles in the tissue sample. To reduce the exposure risk of soil particle pollution, the
US EPA recommends maintaining soil coverage to reduce erosion, thoroughly washing
produce before ingesting, and discarding skins of root vegetables and outermost leaves of
greens (US EPA, 2011). An adequate layer of mulch can help reduce the amount of dust
that becomes airborne, is transferred to living quarters, or can splash onto the aboveground, consumable plant parts. Ideally, urban soils with known or expected
contamination would be mitigated to reduce the risk of exposure to contaminated dust,
even if the space is not used for gardening activities or food production.
Remediation efforts can be directed at the soil, through replacing, sealing, or
covering contaminated soils, or directed at the contaminant, by reducing bioavailability
with amendments, or phytoremediation. In some cases, it may be necessary to have
contaminated soils removed and replaced with “clean” soil or install physical soil barriers
under raised garden beds before filling with uncontaminated soil (Paltseva et al., 2020;
Walsh et al., 2018). Keep in mind that the purchase of topsoil is not a guarantee that it is
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contaminant-free, as prior testing is not always required or adequate (Egendorf et al.,
2018). Reducing the bioavailability of some soil contaminants can be achieved by
integrating amendments, such as organic matter, calcium (i.e. lime), phosphate and iron
oxide, to adjust the soil pH and/or sorb the contaminant(s) (Paltseva et al., 2020; Sparks,
2003c; US EPA, 2007).
The ability of some plants to stabilize, take up, and store soil contaminants can be
exploited for the benefit of the environment. This strategy, called phytoremediation, uses
living plants to filter, stabilize, extract, transform, and/or volatilize contaminants from the
soil (Ma et al., 2001; Oladoye et al., 2022; Shen et al., 2022). These processes have
evolved to preserve the plants’ health and provide benefits in this context. Unfortunately,
plants cannot metabolize inorganic heavy metals to transform them into non-toxic or less
toxic forms. In this case, the plant material may need to be harvested and decontaminated
or appropriately “disposed of” to prevent the contaminants from re-entering the system
(Oladoye et al., 2022; L. Yang et al., 2022). Based on the Law of Return, repeated
harvesting of a crop over time can deplete contaminants from the soil. In the case of
phytoremediation, the crop is not intended to be consumed, but instead grown and
harvested to remove the contaminants from the environment. Harvested plant materials
can be reduced in volume through compaction, microbial, and heat treatments. The heavy
metals can then be recovered through various extraction procedures (Z. Liu & Tran,
2021).
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Soft Soil
Mollisols are a taxonomic Order of soils that are generally considered the most
agriculturally productive soils and have many of the ideal garden soil characteristics (Soil
Survey Staff, 1999). The Latin root of Mollisol, mollis, translates to “soft.” A soft soil
can indicate adequate aeration for plant growth. Plant roots and soil microbes need to
respire to grow, and soil aeration allows for gas exchange deep into the soil profile.
Whether harvested for the roots or not, all garden plants need roots for structural support,
nutrient absorption, water uptake and to store energy.
Plants use sunlight, water, and carbon dioxide to make sugars (carbohydrates) and
release oxygen. Sugars are produced in green tissues and translocated to tissues that are
consuming energy and storing the sugars. Cells of all living organisms grow through
respiration (Alderson & Rowland, 1989) where the chemical bonds in the sugar are
broken to produce the energy required for cell expansion and elongation. Root cells
require oxygen to break the bonds in the glucose sugars to create energy where it is
needed for cellular growth and activity (Hillel et al., 2005; Pallardy, 2008). Although
roots are usually not exposed to light, they do a significant amount of growth. They do
not have oxygen available as a byproduct of photosynthesis like cells in the green tissues
do, so they must pull it in from the atmosphere around the roots.
Aeration
Poor aeration in soils can result from compaction, flooding, or an impermeable
layer at the soil surface, such as concrete. In these soils, gases from above ground cannot
filter through the networks of channels in the soil (i.e., soil pores) to reach the roots
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(Inglett et al., 2005). Concrete hardscapes surrounding planting spaces may not
physically restrict root exploration into the soil underneath but will reduce the soil’s
capacity for gas exchange. Clay soils are the most susceptible to poor aeration due to
their small particle size and shape (Sparks, 2003). To improve drainage and soil
compaction, amending the soil is a common technique. Soil amendments are anything
that is added to the soil to improve soil characteristics. Usually, the deeper these
amendments are integrated the more beneficial they are, often through mechanical tillage.
Particularly in soils with heavy clay and low porosity, it is recommended to amend the
soil by mixing in highly fibrous, carbon-based materials (Davis & Whiting, 2013).
Examples of carbon-based amendments include leaves, wood chips, saw dust, paper,
manure and compost. As a clay soil dries, its strength increases and becomes more
difficult to penetrate (Jin et al., 2013; Kempfert & Gebreselassie, 2006). However, when
wet, it is highly susceptible to further compaction (Eden et al., 2020), particularly in the
soil below the amended portion. Mechanical tillage can provide immediate benefits, but
these are often short-lived as tillage destroys soil structure and disturbs microbial
communities (Drijber et al., 2000; Jacobs et al., 2022; Zheng et al., 2022).
Roots vary in soil-penetration abilities, by both species and genotype (Jin et al.,
2013). Root penetration of strong soils is improved by reducing root-soil friction (root
exudates and sloughing of root cap and border cells), reducing pressure on the root tip
(through increasing root diameter), increasing root growth pressure (by relaxing cell
walls), altering hormone concentrations (increased ethylene synthesis, reduced abscisic
acid metabolism and cytokinin and auxin concentrations), and maintaining a more
vertical direction of root growth (Jin et al., 2013). Plants with higher soil penetration
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abilities can be used to remediate soil compaction. Bio-tillage is a technique that uses
plant roots to change the soil structure to better accommodate the requirements of desired
plant crops (Z. Zhang & Peng, 2021). These plants can create tunnels through compacted
soils when their roots penetrate the dense soil layers. After the plants die, these root
voids, called biopores, are left in place, and the fibrous organic matter from the roots is
integrated into the soil without excessively disturbing the soil structure. Biopores are
relatively large channels that provide spaces for gases, water, and roots of more sensitive
plants (Jin et al., 2013) to infiltrate the soil profile more effectively. The increase in
drainage further improves water infiltration and soil aeration (Eden et al., 2020). By
growing plants tolerant to the current conditions, the structure and properties of the soil
can be altered to accommodate more desirable plants which may be sensitive to low soil
oxygen levels, have larger root diameters, and/or lower root expansion force. Bio-tillage
requires planning, and it can take multiple growing seasons to achieve the desired
improvement in soil conditions. A greater diversity of root architectures through species
diversity, has greater positive impacts on soil properties (i.e., soil carbon, aggregate
diversity, and plant-available nutrients) (Saleem et al., 2020).
Black Soil
Mollisols also are dark in color due to their high organic matter content and are
alternatively called “black soils” (X. Liu et al., 2012). All organic matter is made of
carbon, thus all organic matter is sequestered carbon. The carbon reserves maintained in
soil organic matter have been identified as having a significant role in sequestering
atmospheric carbon dioxide; therefore, these carbon reserves contribute to moderating
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climate change (Chabbi et al., 2017; Kruse et al., 2013). High organic matter in soils has
been linked to an increase in nutrient availability and water infiltration. Organic matter
can prevent heavy metal pollutants and other anthropogenic chemicals from leaching into
the waterways, being ingested by animals, or taken up by food crops, by binding to the
pollutants (Khan et al., 2015; Tang et al., 2014). High soil organic matter increases water
infiltration rate, but has also been overestimated in its role in water holding capacity and
plant available water reserves of soil. Whereas the increase in water holding capacity
from organic matter is insignificant compared to the influence from soil textures.
Increasing organic matter will have the greatest impact on increasing water holding
capacity in sandy soils low in organic matter (Minasny & McBratney, 2018).
Carbon Cycle & Sequestration
Carbon sequestration is a process in which atmospheric carbon (CO2) is converted
to long-term storage structures and compounds (Agostini et al., 2015). Most plants take
up atmospheric carbon in the form of carbon dioxide and make sugars through
photosynthesis. These sugars are then used to build cells during growth to form leaves,
roots, flowers, seeds, wood, etc. Plants can also release sugars through their roots to feed
soil microorganisms (Bonfante & Genre, 2010). These plant-associated soil microbes can
provide the plant with increased access to water and nutrients. Every living organism
needs a source of carbon to grow; thus, all living things have sequestered carbon. When a
plant or any part of one dies its carbon is eventually consumed by herbivores,
decomposers, or fire. Through respiration, organisms release gaseous carbon back into
the atmosphere as carbon dioxide, and through cellular shedding, defecation, and death,
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carbon is released into the environment for other animals and fungi to consume (Trivedi
et al., 2018).
In essence, each year, the carbon sequestered by annual plants is released into the
surrounding environment to be decomposed, where 60-80% is then released back into the
atmosphere (Hoorman & Islam, 2010). Perennial plants sequester carbon for longer-terms
with the extent of carbon mass and time sequestered dependent on how much material is
kept alive or protected from one season to the next. Perennials discard a portion of aboveand below-ground tissues with every dormant cycle, no matter if they are temperate or
tropical, allowing decomposers to break down those shed tissues.
Woody plants slow decomposition of their carbon more than other types of plants.
Wood is made of dense, complex compounds of carbon chains that require specialized
cellulolytic and ligninolytic enzymes to break them down. Old, dead wood is protected in
the center of the stem and trunk, physically shielding it from organisms that would
otherwise consume it. However, trees and shrubs still regularly shed leaves, branches,
bark, roots and reproductive structures (Pallardy, 2008).
Soil Organic Matter (SOM)
The process of how carbon in the soil is consumed and made stable or resistant to
degradation is under debate. There are several competing theories, with two leading
paradigms being the traditional Humification Model and the more recent Soil Continuum
Model (Lehmann & Kleber, 2015). In humification, large carbon compounds from plant
and animal residues are continuously broken down by organisms into smaller
compounds. These smallest carbon compounds become glued together by microbes and

25

form humus. Humus is large, complex, particles of organic matter that are difficult for
decomposing organisms to consume. In the Soil Continuum Model, the initial steps are
similar; however, carbon particle sizes continuously get smaller and smaller as they are
consumed and broken down by lower trophic-level organisms. These smaller organic
particles increase in stability by binding to soil particles. Sticky, extracellular polymeric
substances and remains of soil microorganisms adhere soil particles together forming
“aggregates” (Costa et al., 2018). As carbon sources are encapsulated within aggregates,
they are protected from decomposition. The smallest, encapsulating microaggregates
protect soil-sequestered carbon over the long-term better than the larger macroaggregates
(Six et al., 2004), because the larger aggregates are more likely to be broken up.
However organic matter is made stable and inaccessible, soil carbon stabilization
takes time. Throughout the process of soil carbon stabilization, of the organic debris to
enter the soil complex 3-8% is stored as microbial biomass, 3-8% as microbial products
and active soil organic matter, and 10-30% as humified organic matter. In total, 20-40%
of the organic matter to enter the soil complex is sequestered in the soil. 60-80% of
carbon that enters the soil complex is released back into the atmosphere as CO2
(Hoorman & Islam, 2010). With time, microbial activity will continue to consume carbon
from the non-humified stores (6-16%) as they become accessible. On average, soil
microbes will store an average of 40% of the total carbon they consume, as living tissues
(Widdig et al., 2020).
Any dead plant tissues underground are potential sources of food for most soil
microbes. When organic matter (carbon) is added to soil to make it better for growing
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plants, it is not the plants that use the carbon, but decomposers such as saprophytic fungi
and decomposing bacteria. In fact, plants have been shown to release carbon (exudates)
from their roots in order to stimulate surrounding saprophytes and decomposing bacteria
to break down carbon sources in the soil (Birgander et al., 2017; Cheng et al., 2012;
Drigo et al., 2010; van Groenigen et al., 2017). During this process of carbon
mineralization in soils, other nutrients are made available for the plants and plantassociated fungi, such as arbuscular mycorrhizae (AMF) and ectomycorrhiza (EMF).
Mycorrhizae are typically more efficient than plants in accessing nutrients. When levels
of plant-accessible nutrients are low, and plants have associated AMF, plants will transfer
more carbon to the AMF in exchange for nutrients required for photosynthesis and other
biological processes of the plant (Birgander et al., 2017; Cheng et al., 2012; Drigo et al.,
2010).
Water Infiltration
Water infiltration and drainage rates can be increased with increasing soil organic
matter. The presence of carbon sources in the soil can indicate a high level of microbial
activity. As microbes consume carbon, grow, multiply, and die, they help to develop and
stabilize soil aggregates. Aggregate sizes form a continuum from persistent
microaggregates (ranging from 2-20μm) to microaggregates (ranging between 20250μm), to macroaggregates (greater than 250μm) (Brady & Weil, 2002; Costa et al.,
2018; Six et al., 2004). As aggregate sizes increase, the size of pore spaces surrounding
the aggregates increase as well. The network of pores in the soil can be filled by gas or
water. As pores increase in size and quantity, both water and air can move faster and
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more easily through the soil profile resulting in higher permeability and infiltration rates
(Streich et al., 2013). High water infiltration rates can reduce flooding, standing water on
the soil surface, and water lost through evaporation (Soil Survey Staff, 1999; Sparks,
2003a; US EPA, 2007). As water moves through the soil profile, it helps to incorporate
plant nutrients, organic matter, and soil amendments into the rhizosphere.
Fine Texture
Soil texture is determined by its composition of sand, silt, and clay. Mollisols are
high in clay and silt and are considered fine textured soils that include silty clay loam or
silt loam soils (Soil Survey Staff, 1999; Streich et al., 2013). The balance of sand, silt and
clay in loam soils is often considered to be ideal for optimizing the production of
traditional agronomic and horticultural crops. Texture is debatably the most difficult soil
characteristic to change. As mentioned previously, many urban growers choose to bring
in “new'' topsoil to improve the soil texture in their gardens. However, soil is not a
renewable resource, purchased soil is not guaranteed to be a fine textured classification,
and can itself be a source of pollution, pests, and diseases (Boente et al., 2017).
Fortunately, high cation exchange capacity and high mineral content (qualities that make
fine textured soils famously productive) can be developed in local soils that are less
conducive to high crop production.
Cation Exchange Capacity
Cation exchange capacity (CEC) in soil is its ability to hold onto positively
charged particles called cations. Some examples of cations are calcium, magnesium, and
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potassium, which are plant macronutrients and required by plants (Pallardy, 2008). Soil
that has a high CEC is better able to prevent these nutrients from leaching into the
groundwater and surface water systems. High cation exchange capacity can mean less
supplementation of nutrients is required to sustain high plant productivity compared to
low CEC soils. Cation exchange capacity is greatly determined by soil type, with clay
particles having the highest CEC and sand having the lowest. In soils with low clay
content, CEC can be improved by increasing the stable soil organic matter in the soil
(Trivedi et al., 2018).
A soil’s cation exchange capacity is heavily influenced by changes in pH. A low
pH (acidic soil) satisfies the charge on the surfaces of the soil particles, making their
bonds and attraction to cations weaker and conversely, stronger to the negatively charged
anions. Examples of anions that are required in part for plant growth and development
include: phosphate, sulfate, nitrate and chlorine (Pallardy, 2008). A neutral soil pH allows
for higher nutrient availability to typical garden crops. Plants or their associated soil
microbes can change the soil pH within rhizosphere microclimates slightly. In neutral
soils, this change is often enough to weaken bonds of either cations or anions to soil
particles and make them available for uptake, as needed (Sparks, 2003a). In soil with low
cation exchange capacity, the CEC and pH can be improved through the addition of soil
organic matter (Gruba & Mulder, 2015). This can increase plant available nutrients and
reduce fertilizer requirements and the risk of excess nutrients escaping into the natural
environment.
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Nutrient Cycling
A high cation exchange capacity combined with a high mineral content can
indicate high plant nutrient availability. However, soil with these characteristics does not
ensure there will be adequate available nutrients when the plants require it. Nutrient
demands vary between plant species, growth stages, nutrient types, nutrient forms, and a
seemingly infinite set of conditions. However, nutrient demands are typically highest
during stages of active plant growth, particularly when biomass is increasing at the
highest rate (Heckman et al., 2009). In cases where nutrient availabilities are higher than
the intended crop demands, excess nutrients can cause nutrient toxicity (Pallardy, 2008;
White & Brown, 2010). These excess nutrients can also be “lost” from the soil system
through leaching, erosion, volatilization (Sparks, 2003c), and utilization by other plants
and organisms, causing various environmental concerns (Dobermann et al., 2022).
Nutrient deficiencies in a plant can make it more difficult for the plant to recover
from the effects of the deficiencies. Without adequate nutrition, growth is inhibited.
Reductions in plant growth can cause a plant to be less competitive for resources that
limit plant growth and health. Specifically, reductions in root growth can prevent a plant
from gaining access to new nutrient deposits. In relation to plant-associated microbes,
deficient plants may not have “disposable” resources to divert to their associated
microbial community. In addition to growth, proper nutrition is important for effective
plant defense systems (Huber et al., 2012), making them more tolerant of stresses from
both biotic and abiotic factors.
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One goal in urban agriculture is to produce food. This requires the removal of
some part of the plant (i.e., seeds, fruit, leaves, stems, and/or roots). Even if growers
follow the Law of Return, nutrients will be in the red after every harvest. This natural law
was first described in scientific literature by Sir Albert Howard (1943), where the “return
of waste material to the soil…balanced the losses of humus involved in production.” In
the context of Sir Howard’s publication, the term “waste” is meant to include all organic
matter from a dynamic farming system that includes animal husbandry, not just the
unused portions of the crop grown in specific soil. This “law” requires the return of all
non-harvested material back to the soil they were taken from, reducing the removed
nutrients potentially by a significant amount. Effects on plant health and overall
performance may be slight and slow, thus difficult to notice in the short-term, but soil
fertility and crop productivity potential is reduced with every harvest. For long-term
production, the growing system requires the replacement of at least as much as is
removed by way of carbon, nutrients, and minerals. This replacement must also account
for the needs of other essential organisms in the system.
When required nutrients are limiting crop production, the use of synthetic
fertilizers is a relatively easy way to fulfill the nutritional needs of the crop, with a quick
plant response. Synthetic fertilizers are an important tool for managing plant growth and
health; however, it is more beneficial to the natural system to fulfill plant nutrition needs
with organic waste. The preference for synthetic fertilizers is not unlike the use of
supplements in human nutrition where daily multivitamins should be unnecessary if a
balanced diet is available and consumed. What was meant to “supplement” deficiencies
in a diet has become a standard in many cultures (Anjorin et al., 2019; Garcia-Casal et al.,
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2019; Jayatissa & Fernando, 2019; Mishra & Potischman, 2021). Regardless of whether
the agriculture system is conventional, certified organic, or regenerative, nutritional
requirements of a harvested crop cannot be met without supplementation. Higher
production pressure to harvest higher yields requires greater inputs.
Deep and Even
A common reason people start a garden, and continue through the seasons, is for
the therapeutic benefits it can provide (Koncikowski & Capozziello, 2021). Uniformity
within a system reduces complexity (Gu & Chou, 2022), and soils are no exception.
Working in uniform systems allow for implicit memories to direct decision-making;
therefore, less cognitive processing is required than in more variable systems (Beratan,
2007; E. R. Smith & DeCoster, 2000). We know what to expect.
Whether the soil is considered compacted or not, as soil depth increases, so does
soil strength (the ability to resistance deformation) (Kempfert & Gebreselassie, 2006).
Uniformly loose and even textured soils have high workability, as loose soils do not
require as much force to penetrate as settled soils, reducing the physical effort required to
work the soil. A highly workable soil is not just for the benefit of the laborer’s back, but
it can directly impact crop productivity. As roots reach deeper into the soil profile, the
increasing soil strength makes it more difficult for root exploration and expansion (Jin et
al., 2013). Deep and loose soils will restrict root growth less than contrasting soils. Less
restriction on root growth results in increased crop productivity and quality (Shaheb et
al., 2021).
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Uniformly loose, fine, and even textured soils allow for more efficient crop
management regarding placement of the plant material at its optimal depth and spacing.
Called the tilth of a soil, these qualities in a seedbed allow for even distribution and
germination, easier root penetration into the soil, and faster plant development (Chisi &
Peterson, 2019; Firman & Allen, 2007; Gupta et al., 2012).
Tillage is an agricultural practice that disturbs the soil to improve conditions for
crop production. When implemented well, as demonstrated by some conservation tillage
practices, tillage can improve water infiltration, compaction, and organic matter content,
and can be critical in pest management programs, without significantly compromising
soil structure or lead to significant soil loss. To some extent, “tillage” is a natural process.
Non-anthropogenic disturbances to the soil profile do occur naturally in large-scale
disturbances (i.e. avalanches, glacial movement, windthrow, flooding), and more
localized disturbances (i.e. through animal activities such as burrowing, burying, digging,
and grazing).
A positive plant growth response can be seen after a tillage event. This can be
explained by the destruction of aggregates which encase particulate organic matter and
prevent it from being degraded further. When aggregates are broken up through events
like tillage, the carbon and/or nutrients are no longer protected from microbes and can be
consumed. As within all food webs, consumption produces waste. There are functional
groups that have adapted to consume the “waste” from other groups, including carbon
decomposers. With the increase in accessibility to organic matter, soil microbial activity
from multiple functional groups can increase again. Some nutrients are made available
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for plants to uptake directly or through mycorrhizal associations, as previously
mentioned. It is estimated that 84% of all plants have mycorrhizal associations with
fungi, with some having multiple symbiotic relationships (van der Heijden et al., 2015).
Although, an increase in soil microbial activity, as observed after a tillage event,
is not necessarily specific to those functional groups that assist plants. High microbial
activity indicates the consumption and degradation of stored soil carbon (Six et al., 2004).
This can potentially increase atmospheric carbon dioxide concentration and contribute to
global warming. This activity can also result in microbes competing with plants for
nutrients of limited availability. As with all good things, over- or improper use of tillage
has consequences. In temperate climates, incorporating the organic debris into the soil in
the fall can provide microbes enough time to flourish, rebalance, and reduce the demand
for nutrients that are also essential for plant growth before crops are planted in the spring.
Soil strength is a factor in soil loss, erosion, and stability of infrastructure
foundations. Whether the infrastructure is a tree or building, the surrounding soil provides
support. By definition, urban gardens are in close proximity to buildings, and urban
gardening must be considerate of this stabilizing function of urban soil. Gardening
activities must not compromise the stability of adjacent buildings and their foundations.
Tillage reduces soil strength. It can be logically reasoned that tilling too deep, too close to
infrastructures will compromise their foundations and structural stability. Cementing
agents, such as organic matter and sources of calcium (i.e., lime, bone meal, etc.), help to
increase the strength of a soil by increasing soil aggregation (Egendorf et al., 2018;
Kempfert & Gebreselassie, 2006). As an added benefit, the cementing agents also
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balance soil pH in acidic soils. Both results from increasing cementing agents also help to
reduce the phytoavailability of heavy metals, such as lead (Paltseva et al., 2020).
On a small scale, such as in an urban garden, the greater effort required to work in
a more complex soil may be negligible for the grower(s). Environmental and long-term
production benefits of protecting soil aggregates may outweigh the lower physical strain
required by the grower working in loose, fine, and even soil. These costs and benefits are
difficult to measure and unique to every grower and their production system. Ideally,
mechanical soil disturbances would be limited as much as possible.
Conclusion
Urban gardening has many benefits beyond its impact on the local food system.
Unfortunately, it can also compromise a community’s health through an increased
exposure to urban soil pollution. Soil contaminants, such as heavy metals, can be directly
ingested as soil particulate matter and dust, or indirectly by eating food grown in
contaminated soils. Testing urban soils, particularly those used in food production, is
necessary to prevent negative impacts from toxic contaminants. Soil tests can also guide
growers through developing desirable characteristics of highly productive agricultural
soils in their own urban gardens. Namely, through contaminant remediation, improved
aeration, and preservation of sequestered soil carbon. Knowing the characteristics of a
garden soil is the foundation for understanding its unique production system.
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CHAPTER THREE
URBAN CROP PRODUCTION PLANNING
Vegetable gardens typically have high crop diversity. As crop diversity increases,
so does the complexity of the production system. Even the most experienced grower and
scientist would have difficulty designing a vegetable production program that includes an
exhaustive account of each element in this framework. The production planning
framework needs to anticipate as much as possible throughout the production season to
minimize negative impacts and increase successes. The goal of this chapter is to offer
urban gardeners a crop production framework that will assist them in making the best
decisions for their unique system.
I encourage growers to use this planning framework to expand their
understanding of their specific production system. The resulting plan for some may be
basic at the beginning of production (i.e., limited to one crop). I challenge growers to
further develop their production plans with each season, to always learn and grow. After
all, “Decisions are only as good as the anticipatory system” - O’Brien et al., 2013. These
recommendations for evaluating a production system are based on frameworks
established in Integrated Pest Management (Bryant & Reay-Jones, 2020; Norris et al.,
2003), business planning (EPA, 2011; Perez et al., 2015; Prial, 2019), and community
economics (Emery & Flora, 2006).
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Evaluate the System
The first step in formulating a plan is to describe the system. For an urban garden
to have the greatest benefit, the needs of each stakeholder should be considered. In the
context of this document, “stakeholder” is used to describe any individual with authority
over or is impacted by the urban garden and its activities. In the case of a home garden,
the stakeholders may be the members of the household, but could include neighbors and
the greater community. Including each stakeholder in the early stages of planning will
help to increase participation (Mattila et al., 2022). As individuals become more involved
with their food choices and how it is produced, they are more likely to use and follow the
plan, thus improving the Utility pillar of food security. Crops of cultural significance to
the stakeholders are important for supporting Utility, as the consumer is likely familiar
with how to prepare them. With the cost of food being a significant driver to begin an
urban garden (Glavan et al., 2018), potential crops should account for their financial
impact on the household. In this case, crops that are frequently purchased or have a high
market cost may be candidates to consider. These needs can then be used to develop short
and long term production goals.
Next, identify access to resources, such as financial, physical, social, and
intellectual. Knowing the available financial support and alternate sources of funding will
be factors in deciding on production and management options at later stages. Examples of
physical resources include the available garden space, tools (i.e. hand tools, shovels,
watering can, etc.), supplies (i.e. soil amendments, fertilizers, pest management products,
twine, etc.), utilities (i.e. water and electricity), and labor (EPA, 2011). Social and
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intellectual resources can include local gardening clubs and associations, friends and
family with gardening experience, and formal institutions (i.e., local university extension,
research publications). These social and intellection resources should be thoroughly
vetted to eliminate those with false or misleading information. Having plant production
and management resources available can save time when finding an immediate answer is
critical.
An urban garden is not a closed system. The local environment will influence
what crops can be grown well and the inputs required to do so. As described in Chapter 2,
the soil in an urban garden should be tested prior to planting. The results will influence
crop productivity, management decisions, and use. Climactic factors, such as temperature
ranges and averages, precipitation profiles, humidity, and solar radiation intensity, will be
important when choosing crops that are most adapted to the production system. These are
also necessary when designing a production schedule. Research the pests and beneficial
organisms known to inhabit crops in the area. Local gardening associations and
agricultural extension agencies will often provide relevant information on local pests,
such as the species present, their pressure on specific crops, and timing of occurrence or
movement through the area. Not only will this information influence choices in crop
production, in some cases specific crops and their pests are regulated by the government,
as seen with codling moth (Thistlewood & Judd, 2019) and whiteflies (Alvarez & AbudAntún, 1995).
Total compliance with an area-wide pest management program can be essential to
the food security of an entire country. In the 1980’s and 1990’s, whitefly, Bemisia tabaci
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(A and B biotypes), spread quickly transmitting several Geminiviridae viruses across the
Dominican Republic. Initially, growers relied heavily on chemical pesticides for control.
However, resistance developed, biotype B was identified, and populations grew nearly
unchecked to efficiently vector several viruses that cause plant diseases. The most
impacted crops included beans, watermelon, cucumber, tomato, eggplant, pepper, potato,
pumpkin, tobacco, cotton. In the production season of 1993 to 1994, regional tomato
yields were reduced by as much as 90-95% by whitefly and its vectored viruses. In
response, during a four-month period, the government issued nation-wide measures to
ban specific crops, regulate planting times, destroy crops upon early infestation, remove
crop residues, restrict transport of vegetative planting material, use whitefly traps for
monitoring, and others. In 1994 to 1995, the production of four of these crops, including
tomato, was coordinated across regions. A production rotation was implemented between
regions for a maximum production period of three months in each area. In 1994-1995, the
yield in tomatoes was improved drastically to a 20% loss (Alvarez & Abud-Antún, 1995).
Logically, urban gardens could be sources of pest populations. Theoretically, if local
urban gardens did not comply with an area-wide pest management program, the program
would likely be less successful.
Next is to evaluate the information gathered on the system. Use the collected data
to choose crop species and cultivars that meet the needs of the stakeholders, are adapted
to local growing conditions, and are available. Some crops initially desired by the
stakeholders may not be suitable to the available system and can be removed from the
list. Some may not be suitable for the environment or will surpass resource limits of the
production system. Agricultural extension publications, food production organizations,

39

gardening communities, and other reliable resources can be utilized for specific
recommendations of proven crops and varieties for the area.
Tools like the Vegetable Variety Navigator, created by Loker and Wortman
(2021) can also be used in selecting crop varieties. Through this interactive tool, growers
can compare yield potential and quality and estimate adaptability of several horticultural
crops and hundreds of varieties. In the initial release of the navigator tool, the study
locations of included data can be filtered by crop type, variety, soil texture, and aridity to
show the relative yield and years of data collected at each location. Individuals can filter
this information according to their own growing conditions, to aid in the selection of
crops and varieties to grow. The selected crop list can be used to identify necessary
modifications to the production system, such as soil pollution remediation, soil quality
improvements, or accessibility, if adequate resources are available.
Develop a Production Plan
Production Schedule
A production schedule will help the grower meet production goals. For each crop
and pest, use climate data and growing degree days to establish a production timeline.
Growing degree days predict development of a plant or insect, based on physiological
responses to temperature. A growing degree day, or degree-day, is a unit to measure each
24-hour period an organism is exposed to a specific range of temperatures where
development occurs. No development occurs when temperatures are below the minimum
threshold or above the maximum threshold and development slows or stops when
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temperatures approach these thresholds (UC IPM, 2016). Degree-days can be used with
recent or forecasted weather conditions to predict the developmental stage and rate of
development in various crops, weeds, insects, and diseases for use in a crop production
timeline and pest management plans. An example of these predictions includes the hours
of continuous wetting required by many non-vectored plant pathogens to cause infection,
where the number of hours the plant tissue is wet (leaves, buds, flowers, fruit, etc.) at
certain temperatures can be used to predict disease. For example, powdery mildew
(Uncinula necator) in grapes requires at least 12 hours of continuous wetness and
temperatures between 50-60oF for infection to occur (Gubler et al., 1999). To reduce pest
pressure and improve crop performance, planting dates can be adjusted to avoid critical
periods of high risk (Norris et al., 2003). When possible, account for relevant system and
crop-specific factors that impact plant growth and development, such as soil
temperatures, day length, nutrient availabilities and requirements, planting densities,
water needs, and pollination requirements (Taiz et al., 2015).
Anticipate circumstances that will impact the production timeline, reduce the
required reaction time, and may minimize negative impact on production and yield. For
example, poor germination rates or an early crop failure can reduce the yield capacity by
a significant amount. If appropriately planned, the crop can be replanted or inter-planted
early enough to produce an alternate harvest.
Once crop development and pest occurrence are projected through the season,
evaluate the schedule for compatibility between crops and pests and the ability to meet
the needs of the stakeholders. Adjust any element as needed, and illustrate a map of the
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garden and planting plan. The plan can be multi-dimensional if implementing a
succession planting and/or companion planting. Seeing a visual representation of the
garden can help anticipate abiotic stresses that may cause deviations from the production
schedule. Make adjustments to the map to prevent anticipated issues, or set a plan for
how and when to address them. Microclimates within a garden can influence the
accumulation of growing degree days. This can cause crops to mature at different rates
than expected. If the rate is slower than projected in the production timeline, a crop may
not yet be harvestable when needed. If the rate is too fast, crops can mature early,
requiring an early harvest and potentially disrupt food availability. The microclimates
within a garden can be used intentionally to manipulate crop production schedules and
quality. Crops will often mature faster if grown in warmer microclimates, but will have a
higher sugar content if grown under cooler conditions (Taiz et al., 2015; Zoecklein &
Gump, 2022).
Pest Management Plan
To anticipate biotic stressors, design a pest management plan that can address
each pest (plant, animal, and pathogen) identified in the ecology assessment, within
reason. A detailed pest management plan can quickly become overwhelming. As
experience and knowledge are gathered, gradually build on the pest management plan
and develop capacity for understanding complex life systems. In the meantime,
implement general pest management practices to reduce pest pressures and their impacts
on yield. Examples of these general practices fall within two main categories, habitat
modifications and host plant resistance. Habitat modifications for pest management are
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intended to discourage pests and encourage their natural enemies. Examples are to
remove alternate host plant species, install temporary physical barriers (i.e., floating row
covers), mulch with pest-free organic matter, and plant trap crops and native plants as
year-round food and shelter for natural enemies. Effective host plant resistance begins
with selecting resistant or tolerant crop species and varieties and sourcing plant materials
that are pest-free. The crop will be better able to withstand pest pressure when plant
health is maintained throughout the growing season. Provide each crop its optimum
planting depth, spacing, density, and timing, and requirements for water, nutrition, light,
and temperature to increase the crops ability to withstand pest pressure (Norris et al.,
2003; Taiz et al., 2015).
Once pests are known or anticipated, it will be critical to understanding a pest’s
life cycle and habits for efficient and effective management of the pest. In the case of
managing insect-vectored diseases, it is critical to understand the lifecycle of the disease,
the vector(s), and how they interact with each other as well as the plant host. An insect
vector’s capacity to transmit plant pathogens is dependent on genetic factors of the insect,
but also of the pathogen. In the case of whiteflies, gut bacteria populations may also
influence their ability to transmit several plant viruses (Fiallo-Olivé et al., 2020). A
further division of each pest by life stage will allow for increased specificity of
management strategies, such as insect eggs vs. adults, and goose eggs vs. gosling (Maslo
& Lewis, 2013). Life cycles and growing degree days can be used to predict development
and reproduction of the crop(s), pest(s), and beneficial organisms. Incorporating data
from life tables into a pest management plan can influence decisions that will lead to the
greatest chances for successful pest management.
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A life table for a pest shows how its population changes at each developmental
stage, based on various natural causes of death. This information for an anticipated pest
can be used to guide preventative as well as reactionary, or therapeutic, actions. For
example, Naranjo and Ellsworth (2005) created a life table for silverleaf whitefly,
Bemisia tabaci, showing that efforts to increase predation during the 4th nymphal stage of
the whitefly would be more efficient population management than increasing parasitism.
In this case, an increase in predation by 30% would reduce the whitefly population by the
same amount as an increase in parasitism by more than 75%. However, it is important to
consider that life table data is specific to the pest, crop, and ecosystem. The more similar
the production system is to the studied system, the more accurately the life table data
would apply.
Predictions of pest pressure, made with life tables and pest development or
movement models, can be overlaid on the production timeline. Comparing expected
growth and development of crops and pests can influence decisions for preventative
measures to be taken, establish pest monitoring methods and frequency, predict crop loss
and risk, and decide on therapeutic measures and their implementation. Adjusting
planting dates can be a simple change with a significant impact on crop production yields
and required inputs.
Knowing the extent of tolerable damage to crops is needed to decide management
strategies for pests. When used as a source of income, agricultural operations will often
use an Economic Injury Levels (EIL) to set a tolerance threshold. In many private-use
gardens, it can be difficult to calculate the “cost” of a tactic without the sale of a product.
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When imperfections are tolerable, it may be more relevant to interpret “cost” as an
estimate of labor requirements, environmental impact, and ability to meet initial
production goals. If a main purpose of the garden is to be ornamental, the tolerance for
damage and pests is likely low to zero. This tolerance will have a significant influence on
preventative tactics, scouting, monitoring, and therapeutic tactics implemented.
Once the tolerance level is established for each pest, identify options for
therapeutic strategies and tactics that are compatible with the total system. Only include
those that the grower is willing to implement. Establish the specific conditions that would
justify implementing each option, such as the detected date of the pest on a specific crop,
population densities, stage of development of the crop and pest, etc. Once these
parameters have been set for therapeutic options, preventative measures can be
established. If done in reverse, therapeutic choices may contradict the pest prevention
strategies. For example, preventative efforts are made to establish and develop natural
enemy populations in anticipation of an annual diamondback moth (Plutella xylostella)
migration. If the management plan calls for nonspecific chemical controls (i.e., plant
essential oils) as a therapeutic tactic in response to feeding damage caused by the moth
larvae, the preventative tactic is compromised. Therapeutic control may reduce the pest
pressure, but it can decimate the natural enemy population, sometimes by a greater extent
(Yi et al., 2007).
A scouting and monitoring program for pests, their predators, and crop
development will be instrumental in the success of management practices. This will
include deciding what life stage is most critical to manage for maximizing success and
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efficiency. In this program, include a format for recording event details and observations.
The more data collected, the more useful it can be in evaluating the production plan and
success of management strategies and tactics. However, data will only be collected if it is
usable by the grower. It should be easily accessible and interpreted, and prepared before
the start of the growing season.
Review and Revise
At this stage of the production plan, observations and soil sampling have been the
only recommended actions in the garden. Again, review the proposed plan for
compatibility between each decision within the system. Revise the plan when additional
considerations or production challenges appear. Review necessary modifications to the
system that will help achieve production and management goals, through maximizing
productivity and minimizing negative impacts.
Implement the Production Plan
Finally, prepare the site for production in accordance with relevant preventative
measures set by the production and pest management plans, and as possible with
available resources. Potential site inadequacies would ideally have been identified during
the initial system evaluation. Preventative measures for abiotic stresses would have been
identified in the production plan and biotic stresses in the pest management plan. With
much of the cognitive work completed before the growing season, less will be required at
times of high physical labor by following the pre-established plan.
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As the growing season finally begins, periodically update the production schedule
with data from the daily log. Examples of valuable entries include daily temperature data,
precipitation events and amounts (including supplemental irrigation), fertilizers applied
(include nutritional components, rate, and volume), pest scouting, and monitoring results
and estimates. An ideal log would include these data for each crop grown. Collected data
can be used to update prediction models throughout the season to improve projections for
crop growth and maturity. The production schedule can then be adjusted to account for
any changes in predictions. With management options and requirements for
implementing tactics already organized, the grower can reduce reaction times and focus
more cognitive energy during the production season on scouting, monitoring,
documenting, evaluating, predicting, critiquing, and improving the production system.
As an example in my own garden, I use microclimates to extend the harvest
season for strawberries by at least two weeks, for a total harvest period of about five
weeks. I have three strawberry patches. One is in full sun exposure, surrounded by
hardscapes and easily watered. A second patch receives shade until mid-day, is
surrounded by vegetation and can be watered with some effort. The third patch is in full
shade and is difficult to water and access. The first patch is warmed early in the spring by
the sun and hardscapes and receives water whenever it requires it. It flowers around two
weeks before the second patch and is the most productive of the three with a harvest
window of about two weeks. The main early-season pests in this patch are birds and my
children; neither can resist the highly visible fruit at the first sight of color change. Once
this patch begins to ripen, the fruit need picked every day as they quickly over-ripen in
the heat and are infected by gray mold (Botrytis cinerea). The fruit that will not be eaten
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are removed so they are not a source of inoculum for the remaining fruit. Water is
restricted during fruit ripening to reduce the hours of continuous wetness and minimize
infection. The harvest window for the second patch begins just as the first is ending.
Although these are all the same variety, the fruit from this patch are fewer, sweeter, and
harvested over three weeks. The main pests in this patch are squirrels with little disease
pressure. The third and neglected patch ripens the latest, has the lowest yield over the
shortest window and has the sweetest fruit. It begins ripening around two weeks after the
first patch is finished and lasts for only a week due to the low yield. The major pests in
this patch are slugs, as there is always a dense layer of mulched leaves covering the
ground to keep the soil surface moist. With supplemental water not required, the stems,
leaves and fruit remain dry and are rarely infected by gray mold. If there was less
tolerance for slug damage, the mulch could be removed for a period in the late summer,
allowing the soil to dry out and reduce slug populations. Mulch could then be reapplied in
the fall to retain soil-moisture through the fruiting season; thus, the low need for
supplemental irrigation and few hours of continuous wetness are maintained to prevent
gray mold. This is not a viable solution for controlling gray mold in the first patch, as
much of the water received is from play activities that are a required use of the adjacent
space.
Conclusion
A production system framework as presented in this document would best fit IPM
Level III described by Norris et al. (2003). This ecosystem-level of integration is the most
complex and likely achieved by few crop production systems. However, it is the ideal,
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and it is the duty of the environmental steward to constantly strive for this level of
understanding. Consider as many interactions as possible within the production system,
without becoming overwhelmed. Gradually build knowledge and experience. Whenever
possible, evaluate the system and its ability to meet the needs and expectations of the
stakeholders. The frequency of these reflections would ideally be at each stage in the
production and planning process (system evaluation, production plan development, and
implementation) and with each revolution of the plan. Think critically on the
components, their compatibility with each other, and their impact within the entire
system. With each revolution of the crop production plan, challenge assumptions.
Through this process, we will gain capacity for understanding our socio-environmental
systems to improve food resiliency.
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